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Abstract

One of the most serious security issues for collaborative work between robots and humans
is the potential damage caused by unexpected collisions between them. Intrinsically-
safe systems are a must in order to assure safety for both, the user and the robot,
under the worst-case scenario of a total failure of the control subsystem. This work
contributes to the field of passive mechanical system safety. The proposed security system
consists in a flexible linkage that splits a robot arm link in two parts. Such a linkage
allows the link to remain completely rigid as long as a given torque threshold is not
exceeded, with that threshold being configurable according to working conditions and
safety considerations. Both theoretical and experimental tests demonstrate a significant
reduction in the accelerations and forces generated by impacts between the end effector
of a robot arm equipped with the proposed mechanism and a simplified human head
model.
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1. Introduction

New security systems are required in the design of robots for applications where they
share their workspace with humans, with the subsequent risk of accidental collisions, if
we are to guarantee the safety of humans and the integrity of machines [1]. The search for
intrinsically-safe robot mechanical designs has been already addressed in the literature,
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focusing fundamentally on the combination of reducing the inertia of robot arms and the
addition of flexible components to their structure.

Passive mechanical systems proposed so far exploit the structural flexibility of links
[2], joint flexibility [3, 4] and soft coverings [5, 6, 7]. Among them, the latter approach
has demonstrated the best results in reducing impact forces and induced accelerations
in the case of an collision between a robot arm and a human head [2]. Joint flexibility,
by means of decoupling rotor inertia from the end link inertia, also contributes an safety
improvement in the event of an impact. In this sense, there has been interest in Variable
Stiffess Actuators (VSAs) [3, 8, 9] as decoupling mechanisms. However, Haddadin et
al. [10] showed that the reduced joint stiffness of robot DLR-LWRIII (mainly due to
Harmonic Drive gears) is enough to decouple motor inertia from link inertia, hence any
further increase in joint flexibility will not attenuate impact forces during a blunt impact.
These results were later confirmed through simulations [2] where, for an ideally rigid link,
an ordinary gear transmission was enough to decouple rotor inertia. Finally, the internal
flexibility of the robot links also has its own positive effects in damage reduction, although
in this case a trade-off must be achieved since excessive flexibility hardens the positioning
control of the robot end effector [11].

A robotic manipulator with the potential of working closely with humans should be
able, ideally, to operate with a reduced stiffness whenever it exists any risk of colli-
sion (hence, dangerous high forces), while also being able of exhibiting high stiffness in
other operations. Following this idea, researchers have proposed VSAs and some flexible
mechanisms for robot joints with nonlinear stiffness characteristics. The latter have de-
creasing stiffness curves, that is, the joint features high stiffness for reduced deformations
but quickly decreases after the force reach some predefined threshold [4, 12]. In this re-
spect, Park et al. proposed in [13] a safe link mechanism based on a flexible mechanism
amid a robot link. This device includes a double slider mechanism and a spring attached
to one of them, such that for a given initial configuration one attains the desired effect
of nonlinear stiffness depending on deformation.

Following this concept of introducing a flexible element amid the link instead of at a
joint, the present work presents a novel flexible linkage aimed at operation safety. The
proposed flexible linkage is located in the middle of a robot link, splitting the link in
two, and therefore decoupling the inertia at each side in the event of an impact. The
two links remain coupled by means of a mechanism comprising a spring, a cable and a
tensor element as will be discussed below. Its main characteristic is the ability to sustain
the maximum structural stiffness of the rigid link as long as the external load does not
exceed a given threshold value, quickly reducing the stiffness otherwise. In comparison
to previous proposals this new flexible linkage features a very simple construction and
the ability to easily vary the threshold after which the flexibility of the linkage acts.

The rest of this work is structured as follows. Section 2 firstly introduces the concep-
tual design, some implementations solutions and the kinematic model. Next, Section 3
presents a mathematical model of the impact between the end effector of a robot arm,
including a flexible linkage, and a dummy human head; and analyzes the contribution to
safety due to the linkage. Section 4 describes the mechanical implementation of the pro-
totype linkage, the experimental setup devised to assess the performance of the proposed
flexible linkage in the context of a robot arm-human head collision, and experimental
results. Finally, we conclude with a discussion of the obtained results.
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Figure 1: Sketch of the flexible link, (a)—(b) in its rest configuration and (c) under an external load that
forces it to rotate.

2. Proposed mechanism

In the following we describe the basis of the proposed security flexible linkage, along
with a mathematical modeling of its stiffness curve as a function of the angular rotation
of the linkage.

2.1. Conceptual design

The linkage comprises two rigid bases placed face to face, perfectly coupled to each
other by means of a circular array of equally spaced pockets and spherical protuberances,
as illustrated in Figure 1. Such sphere layout allows the relative rotation of the two
bases around an axis contained in the plane described by the center(s) of the sphere(s).
The relative rotation may happen either having only one sphere in contact with its
corresponding pocket or having two consecutive spheres in contact with their pair pocket.
Depending on the number of spheres in contact with pockets, the axis of rotation will
be passing through the center of two consecutive spheres or only passing through one.
A compression helical spring is supported by the inner face of one of the two base parts,
and compressed by a tensor and a steel cable in order to maintain the two parts of the
mechanism in contact. As will be discussed below, the external load required to induce
the rotation of the two bases depends on the spring preload at rest.

Together with its construction simplicity, the main novelty of the proposed mechanism
is the capability of easily changing the load level at which the flexible linkage begins to
act, with the particularity of having the same stiffness right after that point regardless
of the selected load threshold. Therefore, the arm behaves as if it was a rigid link as long
as the load threshold is not exceeded.

Two possible designs of how to dynamically vary the preload of the proposed flexible
linkage are shown in Figure 2. However, it must be noted that the introduction of a
tunable preload carries the cost of having to include an electric motor and a transmission
system, increasing the overall mass of the system. Figure 2(a) shows the first design,
including a worm gear screw where the cable of the tensor mechanism rolls over the gear
shaft. A different solution is shown in Figure 2(b) were the motor shaft directly drives
the tensor screw.
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Figure 2: Two possible implementations of varying, actuated preload in the proposed flexible linkage:
(a) based on a worm gear screw and (b) with a tensor screw.

Figure 3: Sketch of the linkage under an external force, illustrating the meaning of all the variables
involved in its characterization.

2.2. Analysis of the linkage stiffness

We now address the derivation of a closed-form, theoretical expression for the kine-
matic behavior of the proposed flexible linkage. In the following, please refer to Figure 3
for an illustration of the physical meaning of each variable.

The initial preload of the spring, Fj;, is given by its stiffness K and its initial com-
pression x,,, such that:

Fsi - stsm (1)

Rotation of the linkage can only occur by means of pivoting at the spheres, placed at
a distance r from the linkage axis of symmetry, where the tension of the cable also acts.
Therefore, the torque required to separate the two parts of the linkage is given by:

T‘Z‘:T‘Fsi. (2)

Here the distance of rotation r has been assumed constant. This distance will vary
slightly depending on the direction of rotation: the shortest achievable distance of rota-
tion is found along the perpendicular between the linkage axis of symmetry and a line
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crossing the centers of two neighboring spheres, while the largest distance of rotation
is the previously described distance r. Hence, a high number of spheres is desirable to
minimize as much as possible these small distance variations. Once the torque thresh-
old given by Eq.(2) is surpassed, we find a variable stiffness depending on the rotation
8 between the two parts of the mechanism. As can be seen from the geometry of the
problem, in Figure 3, the spring compression Az is related to the rotation by:

Az = 2rsin g (3)

Invoking the equations of static equilibrium, and using Egs.(1) and (3), the cable
tension F becomes:

F, =K, (mSO—I—Ax):FSi—&—ZKSrsing. (4)

The total external torque (T') applied to one part of the mechanism under equilibrium
can be obtained by summing all torques, e.g. with respect to the pivoting point, leading
to:

T=F = Fsrcosg
B 2.
FsircosiJrKsr sin 3. (5)

Finally, we arrive at the expression of the stiffness (K;) by taking derivatives of Eq.(5)
with respect to rotation [3:

dr
K, = % (6)

1
= —QFSirsing + Kyr?cosf3, for T > T,.

The first term in Eq. (6), which depends on the initial preload of the spring, is
negligible in practice for small deformations due to the sin8/2 term. The second term
thus dominates the theoretical stiffness for small deformations, introducing a dependency
on the spring stiffness, K, and the linkage radius of rotation, r. Therefore, it follows
our claim of the proposed mechanism exhibiting a small-deformation stiffness which is
independent of initial preloading and, subsequently, of the desired torque threshold, T;.

3. Impact model and safety contribution

The contribution of the proposed flexible linkage on injury reduction is studied
through a mathematical model of the impact between the end effector of a robot arm
incorporating the linkage and a human head.
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Figure 4: Impact model between the end effector of a robot arm with flexible linkage and a human
head-neck complex.

3.1. Robot arm-human head impact model

The planar model of Figure 4 represents a single-link manipulator with a flexible
linkage. The arm, with an overall length L, is divided thought the linkage in the proximal
link, Lq, and the distal link, L,. Both segments of the robot arm are approximated as
rigid bodies. The impact with the human head takes place at the final end of the distal
link, where the contact includes a phenomenological model of a polyurethane foam used
as soft cover, and the stiffness of the skull represented as a linear spring of 2.0-10° N/m
stiffness constant (K}) [14], both elements arranged in series. The human head-neck
system can be simplified to a 1 d.o.f. model with mass M} and a spring with stiffness
constant K, in parallel with a damper with damping coefficient D,,. Values of stiffness
and damping coefficient for a rotational 1 d.o.f. model of the head-neck complex have
been identified in several studies [15, 16, 17]. In this work, an equivalent system consisting
of a single translational d.o.f. is used with a stiffness coefficient of 463 N/m, a damping
coefficient of 20.8 Ns/m and a human head-neck mass of 3.25 kg are assumed [2].

The equations of motion for the robot-human head impact model of Figure 4 are
obtained as follows:

MG+Dq+Kq = Q.+Q.+Q, (7)

In Eq.(7), q denotes the vector of system independent coordinates, M is the system
mass matrix, D is the damping matrix, K is the stiffness matrix, Q. is the vector of
generalized externally applied forces, Q. is the vector of generalized nonlinear contact
forces and Q, is the vector of generalized centrifugal and Coriolis inertia forces. Eq.(7)
can be written in matrix form as



my; mi2 0 9 0 0 0 0
mo1 Moo 0 8|+ 0 Dy 0 6|+ 0 K; 0
0 0 My, Ty, 0 0 D, Th 0o 0 K, Th

(QG)G (QC)9 (Qv)@
(Qe),@ + (Qc),ﬁ + (Qv)ﬂ (8)
[(Qe)a, (Qc)an, 0

The vector Q. of external forces includes gravity and the actuator torque, 7. Coordi-
nates q comprise the angular position of the arm, 6, the angular deviation of the linkage,
B, and the head displacement, xj, (see Figure 4). The terms mj; and mqy of the symmet-
ric mass matrix M depend on the mass, length, and relative position of both links (53),
while the term mos is constant and equal to the inertia of the distal link. Damping and
stiffness matrices are symmetric positive semi-definite. The damping matrix D includes
all damping effects of the linkage and the neck. The stiffness matrix K includes restoring
forces due to neck flexibility as well as the stiffness curve of the linkage, where the linkage
can be assumed ideally rigid, or with a very high stiffness, while the torque reflected at
the linkage remains below the torque threshold T;. Figure 5 graphically represents the
torque (T') and stiffness (K;) curves for different rotation angles (5) between the two
parts of the mechanism and for different preload values (xs,) of the compression spring.
These curves have been obtained based on Egs. (5)—(6), where values of spring stiffness
constant K, = 44.0 kN/m and rotation distance r = 28 mm are used. As can be seen
in Figure 5(a), and from Eq.(1) and Eq.(2), the torque threshold to start separating the
two parts of the mechanism is proportional to the preload values. Once the threshold is
surpassed, the initial stiffness is the same disregarding the preload value, as can be seen
in Figure 5(b). Different preload values lead to minor differences in how the non-linear
stiffness changes with the rotation angle, where for large rotation angles differences on
linkage stiffness become important. It must be noted that in the experiments performed
during this research work maximum rotations at impacts will be around 15°, then, only
the first interval of small angles will be of interest for practical applications.

It must be noted that equations in Section 2 must be corrected in order to consider the
effect of the centrifugal force in the torque threshold value. The centrifugal force tends
to separate the two parallel faces of the linkage increasing the load of the spring and
decreasing the normal contact forces at the pocket-sphere pair. If the normal contact
force at the pocket-sphere pair vanishes, spheres would separate leading to a critical
configuration. Centrifugal force also exerts some effects on the torque threshold, as
discussed next. The centrifugal force acts in an opposite direction to the spring force, so
that the force Fy; in Eqgs.(2)—(6) where should be replaced by Fy; — F.., where F, stands
for the centrifugal force acting on the distal link. This implies a small reduction on the
torque threshold when the robot arm moves at a high speed, which turns out to be a
benefit on the side of safety.

The contact between the distal link and the human head is modeled by an elastic
method in which the force between the link and the head is evaluated at any time based
on the relative penetration. Then, the force is added into the equations of motion in
vector Q.. During contact, the stiffness of the skull, K}, has been considered to be in
series with the compressive characteristics (stress-strain curve) of a robot arm cover of
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Figure 5: For different initial compression (zso) values, the graphs show theoretical predictions for (a)
torque and (b) stiffness vs. linkage rotation angle.

polyurethane foam.

Compressive behavior of low weight cellular materials can be properly described
through constitutive models [18, 19, 20]. In this work, the relationship between compres-
sive stress and strain of a specimen of polyurethane foam has been measured experimen-
tally in a compressive test. Then, a constitutive model has been fitted to experimental
data. This model is used to compute the external forces included in Eq.(8).

Figure 6 depicts the stress-strain curves of a polyurethane foam specimen with density
of 99 kg/m? and 12 mm thickness for different strain rates obtained in compressive tests
performed on a servo-hydraulic test machine that includes a 5 kN axial actuator, showing
that strain rates over 1.0 s~! has minor influence in the resultant curve. Since the strain
rate at impacts is higher than the maximum admissible compression rate accomplished
by the test machine, it has been used the curve with the higher strain rate of 1.0 s*.
The compression phase of this curve has been fitted by the Avalle et al. [20] model,
described as:

o = A(1—e—§6<1—6>’”)+3( < )n (9)

1—ce¢

where o and € are engineering stress and engineering strain, and the five parameters A,
E, m, B, n, are empirically determined. The parameters of the Avalle et al. model
were obtained by least square fitting the experimental data (Table 1). Figure 7 shows a
comparison between the experimental compression curve and the fitted curve, where a
very good approximation is obtained. In this work, the curve fitted to the foam compres-
sion phase has been used to simulate the complete impact period, i.e. compression and
decompression phase of the foam, which only slightly modifies the results obtained with
a complete mathematical model including both curves [2]. In particular, the differences
in time response curves only appear after the first peak force, slightly modifying the
computed HIC34 value but not affecting the maximum force value.
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curve predicted by the Avalle et al. [20] model.

Table 1: Avalle et al. [20] model parameters calculated from stress-strain compression curve fitting.
A (MPa) | B (MPa) | E (MPa) m n
0.1327 0.1239 1.186 1.612 | 1.328




Table 2: Parameters of the reference robot arm and human head-neck model.

Property Value
Mass (kg) my = mg = 3.0, M}, = 3.25
Length (m) L=0.7,L, =Ly =0.35
Stiffness (N/m) | K,, = 463, K}, = 2.0%, K, (from Eq. (6))
Damping (Ns/m) D, =20.8,D;,=1.0

3.2. Analysis of the flexible linkage’s contribution to safety

The mathematical model introduced above is now used to evaluate the contribution
of the flexible linkage to head injury reduction during a collision. In absence of specific
head injury criteria for human robot impacts, most previous works have adopted the
Head Injury Criteria (HIC) [21] and peak forces for head bone fracture [22] as severity
indexes. Values of HIC36 of 10 and 100 have been used for several authors as a limit to
assure human safety [8, 23, 13]. In this work, these limits are only used as reference, note
that the aim of the following simulations is mainly to analyze the effect of the flexible
linkage in the injury measures reduction regardless of its quantitative values.

Initially, a robot arm of 0.7 m length and a distributed mass of 6 kg has been used in
simulations (Table 2). Flexible linkage is placed at the middle of the robot arm, hence,
proximal and distal links are of equal length. It is assumed that the arm is moving at
constant speed in a horizontal plane, with an impact speed of 2 m/s while no torque is
exerted by the actuator (i.e. Q. is null). All figures containing simulation results shown
in this section start at the time of the initial contact between the head and the robot
distal link, with the flexible linkage being undeformed when both bodies initially get into
contact. The flexible linkage stiffness curve of Eq.(6) included in the mathematical model
is computed for a spring stiffness constant K, = 44.0 kN/m, a value of r of 28 mm, and
for different initial compressions x,,. For torques below the linkage torque threshold, a
linkage stiffness of 7.4 - 10* Nm/rad has been assumed, a high stiffness that attempts to
take into account the arm and linkage internal flexibility for the sake of a more realistic
model.

Figures 8-9 present a comparison of head accelerations and contact forces at impact,
respectively, for different initial compressions (zs,) of the flexible linkage when a foam
cover of 4 cm? contact area and 10 mm thickness is simulated. Time curves show two
consecutive impacts, with the second impact getting closer in time to the first one as
initial compression increases. For large values of x,, the two impacts overlaps and the
first peak value increases. Higher initial compressions tend to have a similar behavior to
a rigid link. In the figures, dashed black lines represent the resultant acceleration and
contact force for a rigid robot arm without flexible linkage. Table 3 resumes the peak
values for acceleration, contact force and HIC34 for each value of initial compression.
Incorporating a flexible linkage leads to a peak force reduction of 40% and even greater
HIC;3¢ values reduction of 75%.

Figure 10 shows the contact force when no soft cover is used, i.e. only the stiffness
of the skull is present. In this case, although two consecutive impacts are still present,
the peak force of the first impact is almost the same as for a rigid link. To analyze the
contribution on injury reduction of the flexible linkage with respect to cover stiffness,
different polyurethane foam thicknesses have been simulated. As in the previous analy-
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Figure 8: Head acceleration for different flexible linkage initial compression zs, and rigid link. Robot
arm has soft cover.
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Table 3: Peak force, peak acceleration and HIC36 for different linkage initial compression zs, and rigid
link.

Linkage compression, zs, (mm) | 10 20 30 60 | rigid
Peak force (N) 838 | 882 | 940 | 1009 | 1404
Peak acceleration (m/s?) 254 | 267 | 286 | 307 | 427
HIC34 498 | 5.51 | 7.32 | 9.81 | 20.81
2500 : , ; ;
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2000} \ —X5o = 30mmy
I R O S | Mandible bone | —— 5, =60 mm
' fracture - = =Rigid link
__ 1500} \
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Time (s)

Figure 10: Contact force for different flexible linkage initial compression x5, and rigid link. Robot arm
without soft cover.

ses, the phenomenological model of Avalle et al. has been employed, assuming that the
stress-strain curve of the foam is the same regardless of the foam thickness. As a conse-
quence, since cover stiffness is inversely proportional to its thickness, thicker foams lead
to softer coverings. Figure 11 shows the peak contact force reduction with respect to the
corresponding rigid arm for different initial compression of the linkage and for different
cover thickness. For any initial compression curve there exists a cover thickness, between
15 mm and 20 mm, that maximizes the force reduction with respect to a rigid arm. As
predicted from Figure 10, reduction of cover thickness, i.e. more rigid impacts, leads to
contact forces similar to those of completely rigid arms, minimizing the benefits of the
flexible linkage. Cover thicknesses over a value of approximately 20 mm also lead to a
reduction of the linkage effects, but in a more progressive way. Furthermore, for high
initial compressions as x,,=60 mm, the obtained torque does not overcome the linkage
threshold when foam cover has a thickness equal or greater than 45 mm (see Figure 11).
Changes in robot model parameters will also have effects in the resultant force reduc-
tion and in the interval of cover thicknesses where the linkage properly works. Figure 12
represents the results for different placements of the linkage along the robot arm and,
as one could expect, shorter distal links result in further force reductions. In addition,
Figure 13 shows variations in the overall robot arm mass, where the region of maximum
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force reduction moves towards higher thicknesses as robot mass increases.

Since incorporating a flexible linkage might compromise the usability of the robot, its
design parameters should be selected such that the robot arm is kept rigid while operating
with its maximum payload. Figure 14 shows values of HIC3s and peak contact force
for different robot payloads and different linkage spring preloads in impact simulations
including a lumped mass equal to the payload values depicted. The simulations discussed
next concern a robot arm of 6 kg mass, 20 mm cover thickness, proximal link length,
Ly = 0.6-L and impact velocity of 2 m/s. As expected, the linkage’s contribution to safety
decreases as the mass at the end effector increases, such that, for very high payloads, the
effects of the linkage become negligible. In Figure 14, for the sake of simplicity, it has been
assumed a constant robot arm mass regardless of the payload, with payloads ranging from
0 kg to 4 kg. As previously shown in Figure 11, peak contact force reduction decreases
with linkage initial compression, and similar results are obtained for the reduction on
HICs6 values. Regarding the applicability of the linkage, it must be noted that an initial
compression (Zs,) of 10 mm is enough to keep the linkage undeformed when a static or
quasi-static load of 40 N is applied at the end effector, which still significantly contributes
to safety. Normally, the initial compression of the linkage might be larger than this value
and would need to be calculated taking into account the inertial forces in addition to
gravity loads.

Robot speed is one of the most important factors regarding the impact severity, thus
it should be limited to a maximum value which will depends on the mass carried at the
end effector of the robot. Figure 15 represents HIC34 values for different robot payloads
at different impact velocity. The simulation results show that for the particular set of
mechanical parameters describing the simulated, its speed should be limited to ~ 1.80
m/s to guarantee a HIC34 value below 10, assumed as the human head safety limit, when
carrying a payload of 2 kg. This speed limit can be improved by increasing the thickness
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of the robot cover. Figure 16 shows HIC34 values for different robot payload and cover
thicknesses for a constant impact speed of 2 m/s. From the results, it becomes clear that
larger payloads become admissible with thicker covers.

Up to this point we have only discussed the effects of a certain linkage design pa-
rameter, namely the initial compression of the linkage spring, i.e. the torque threshold,
since it is the most relevant single parameter affecting the behavior of the linkage under
an impact. However, it is also worth studying the influence in the impact response of
the linkage stiffness value, once the torque threshold T; is surpassed. This stiffness value
is given by Eq. (6), and depends on the spring stiffness constant (K) and the rotation
radius (r) of the linkage (Figure 3). Then, assuming the same torque threshold, different
spring stiffness and rotation radius combinations will have effects in the HIC34 values.
The results depicted in Figure 17 reveal a minor influence of the spring stiffness, K, on
the impact severity, with a maximum increment of 4 % in the HICsg for springs with
stiffness between 5 kN/m and 160 kN/m. Similar results are found for changes in the
rotation radius r, with the limitation that this distance is constrained to a narrow range
of values due to mechanical design considerations.

4. Experimental results

4.1. Mechanical implementation

Figure 18 shows the flexible linkage prototype built with the purpose of experimentally
validate the theoretical behavior derived in the previous section. The two base parts of
the linkage face to each other with 12 steel spheres laying between them on a circular array
at a distance of 28 mm from the linkage longitudinal axis. The choice of spheres has been
done by considering that they should allow the linkage rotation around any rotation axis
direction and simultaneously preventing linkage torsion rotation in the undeformed and
small-deformation configurations. The flexible element of this linkage is a compression
spring with an stiffness constant of K, = 44.0 kN/m and a length at rest of 76 mm.
Cable preload is achieved by a tensor, placed at a cap on the free end of the spring. The
other end of the cable is firmly fixed to the other base part.
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6 kg robot arm mass, 2 m/s impact velocity, 20 mm cover thickness, £so= 10 mm and proximal link
length L1 =0.6- L.

4.2. Characterization

Next we provide an experimental validation of the theoretical prediction of the mecha-
nism stiffness. The expected behavior of the proposed flexible linkage, based on Egs. (5)—
(6), was graphically represented in Figure 5.

In order to validate these predictions, we have characterized the linkage prototype
using the experimental setup depicted in Figure 19, where a torque is transmitted to the
proximal link shaft through a force applied at a constant moment arm of 15 cm. The force
level was increased by adding different masses to a wired-suspended container. Further

Figure 18: The flexible linkage prototype. The two rigid links have been removed here to better expose
the mechanism, normally hidden inside the hollow links.
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Figure 19: Experimental setup for characterizing the mechanism stiffness.

details on the description of the testbed are given in next section. The calculated torque
curve at flexible linkage for different spring preload values are presented in Figure 20
together with the theoretical predictions.

All obtained curves initially show a high stiffness for the undeformed configuration
of the linkage, then abruptly falling to a fairly constant stiffness when the linkage start
rotating. The first segment of high stiffness corresponds to the structural flexibility
of the elements that built up the experimental workbench while the linkage itself does
not experience a real rotation (please, note that the encoder is located at the shaft
of rotation of the arm, and the rotation angle (8) of the linkage is derived from the
lengths of proximal and distal links and from the measured angle of the encoder). The
slope of the second segment of the curves is dominated by the flexibility of the proposed
linkage, much smaller than the aforementioned structural stiffness. Together with the
experimental torque curves Figure 20 shows the predictions from the mathematical model
derived above, which remarkably approximates the real behavior. One can also determine
the torque thresholds from these curves, which also agree with the theoretical predictions
as summarized in Table 4. Note that the results shown in Table 4 correspond to a single
test and, therefore, do not include any statistical treatment.

To conclude the discussion of this experimental characterization, it can be confirmed
that the arm with flexible linkage remains behaving as a rigid arm as long as the load
torque does not surpass the established threshold, which during normal usage should be
set slightly above the nominal robot operation load. Thus, the robot arm will operate as
a common rigid-links arm unless a static or dynamic overload occurs, e.g. a misplacement
of the end effector or an unexpected impact.

18



- ==X_=1mm
so

- ==X_=3mml]|
SO

- ==X_=5mm}j
so

- = =X_ =7mm
so H

—_—X_=1mm
SO

—_—X =3 mmf
so

—X_ =5mm
SO M

——X_ =7 mm
SO

0 . . . .
0 5 10 15 20 25

Angle, B (°)
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prototype, for different initial compresion (zs,) values.

Table 4: Observed and theoretical comparison of stiffness and threshold values.

Initial compression () Stiffness (Nm/rad) Torque threshold (Nm)
Observed Theoretical | Observed Theoretical

Imm 37.1 34.5 1.32 1.23
3 mm 39.6 34.5 3.53 3.70
5 mm 39.3 34.5 6.30 6.16
7 mm 39.2 34.5 8.26 8.62
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4.3. Experimental setup and results of impact tests

With the aim of experimentally confirm the contribution of the flexible linkage on
impact force and head acceleration reduction, various experiments has been carried out
in an impact testbed. The testbed developed consists of a pendulum mechanism, which
link incorporates the flexible linkage, and a head dummy (Figure 21(a)). Pendulum
link is then divided into proximal and distal links. Also, different additional lumped
masses have been fixed to the proximal link to study the influence of changes in the
relationship between masses of both links. The translational 1 d.o.f dummy is a sliding
mass joined with a spring to the base [2]. The physical parameters of pendulum and head
dummy depicted in Figure 21(b) are summarized in Table 5. In the contact area, two
different cover materials has been used, the 12 mm polyurethane specimen characterized
in Section 3, and a stiffer 2 mm thickness rubber.

The testbed was instrumented with a piezoelectric accelerometer ICP-356A15 located
at the translational dummy to measure the acceleration of the head, with a measurement
range of £500 g and 2 Hz to 5 kHz frequency range. The different tests were carried
out by dropping the pendulum link from a certain angle (relative to the vertical) and
recording the signals with a data acquisition system.

Several impact tests have been carried out with different additional mass (m,,) and the
two kinds of covers. The pendulum is released from a 26° angle, with an approximated
impact velocity of 1.4 m/s (impact speed will vary depending on the value of m,). Same
tests have been repeated for different torque threshold of the linkage, i.e. different initial
compression, x,,, and for the linkage physically locked by four internal bolts. Figure 22
shows the measured acceleration of the dummy with no additional mass and for 0.9
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Table 5: Parameters of the impact testbed.

Property Value
Mass (kg) my = 1.25,mq = 0.75, M}, = 3.25,m,, = [0,0.9,2.7]
Length (m) Ly =0.46,Ly =0.26,L, = 0.41
Stiffness (N/m) K, = 460
Damping (Ns/m) D, =116

kg and 2.7 kg additional mass when polyurethane foam is used, which clearly shown
the reduction on the first impact peak (39 %, 45 % and 55 %, respectively) when the
rotation of the linkage is allowed.Note that previous percentages are obtained from a
single experiment and therefore do not include any statistical treatment. As expected,
larger mass of the proximal link results in higher head acceleration reduction. Initial
compressions have been changed from 1 mm to 7 mm, the larger compressions show
small increments in the first peak acceleration and noticeable time advance of the second
peak. All this experimental results are in accordance with those obtained in simulations
of Section 3. Regarding the applicability of the linkage, the initial compression used of
7 mm corresponds to a torque threshold of 8.3 Nm. This value means that, e.g. a robot
arm incorporating the flexible linkage placed at 20 cm from the end effector, allows a
static payload of 41 N without deformation of the linkage, improving safety conditions
at the same time. This configuration is suitable, for example, for a service robot working
in domestic environments, where a typical payload is smaller than 20 N.

Finally, impact tests have been repeated for the 2 mm rubber cover. Similarly to the
simulation results for rigid impacts (Figure 10), first acceleration peak remain almost
constant regardless the linkage where locked or not (Figure 23). In other way, some
differences appear after the first impact. Several impacts or rebounds of relative high
values are shown when the linkage is locked, which may produce greater injury compared
to the unlocked linkage configuration, where lower second impacts are present.

5. Conclusions

A new safety system to be included in robot arms that work in collaborative scenarios
has been presented in this paper. The safety system consists of a compliant linkage that
can be located within the length of the links of a robot arm. By inserting the flexible
linkage in a robot arm link, the link is in fact divided in two segments connected by this
special joint. The most relevant feature of the flexible linkage is its ability to decouple the
inertia at each side of it in an impact situation. The flexible linkage allows the relative
rotation of one segment with respect to the other. The proposed linkage has a torque
threshold under which the relative rotation does not take place and the two segments
remain aligned. As explained in the paper the torque threshold can be mechanically
adjusted by modifying the preload of a spring. Simulation has been used to investigate
the contribution of the proposed linkage to the reduction of contact force and induced
acceleration in the case of an impact between the end effector of a robot arm and a
human head. The relation of the contact force reduction, the cover thickness and the
initial compression of the linkage has been studied by means of several simulations,
showing that for any initial compression there exists a cover thickness value where the
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force reduction due to the linkage is maximized. Peak contact force reductions over
50% have been predicted in several simulated scenarios. A test bed has been used to
study the performance of a link including the proposed flexible linkage, showing that
the acceleration of the dummy head is significantly reduced. The proposed linkage has
therefore shown a promising ability of increasing safety in impact situations.
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